Neoantigens present unique and specific targets for personalized cancer immunotherapy strategies. Given the low mutational burden yet immunotherapy responsiveness of malignant mesothelioma (MM) when compared to other carcinogen-induced malignancies, identifying candidate neoantigens and T cells that recognize them has been a challenge. We used pleural effusions to gain access to MM tumor cells as well as immune cells in order to characterize the tumor-immune interface in MM. We characterized the landscape of potential neoantigens from SNVs identified in 27 MM patients and performed whole transcriptome sequencing of cell populations from 18 patient-matched pleural effusions. IFNγ ELISpot was performed to detect a CD8+ T cell responses to predicted neoantigens in one patient. We detected a median of 68 (range 7-258) predicted neoantigens across the samples. Wild-type non-binding to mutant binding predicted neoantigens increased risk of death in a model adjusting for age, sex, smoking status, histology and treatment (HR: 33.22, CI: 2.55-433.02, p = .007). Gene expression analysis indicated a dynamic immune environment within the pleural effusions. TCR clonotypes increased with predicted neoantigen burden. A strong activated CD8+ T-cell response was identified for a predicted neoantigen produced by a spontaneous mutation in the ROBO3 gene. Despite the challenges associated with the identification of bonafide neoantigens, there is growing evidence that these molecular changes can provide an actionable target for personalized therapeutics in difficult to treat cancers. Our findings support the existence of candidate neoantigens in MM despite the low mutation burden of the tumor, and may present improved treatment opportunities for patients.
Background
Examination of cancer genomes has revealed sets of mutations that could be exploited in immunotherapy, either as neoantigen vaccines as well as the ability to track specific anti-cancer immunity. 1 The immunogenic potential of tumor neoantigens derives from the difference between the mutated sequence and the normal non-mutated sequence to which the host is largely tolerant. While neoantigen identification has been successful in many human tumors, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] neoantigen vaccination using this knowledge is in its infancy. It is hampered by a number of challenges, including tumor sampling and identification of which neoantigens to target, especially in low mutation tumors.
Malignant mesothelioma (MM) is an aggressive cancer of the cells of the pleura and peritoneum caused predominantly by exposure to asbestos, and has a median survival of 9-12 months post-diagnosis. 13, 14 Current treatment options for pleural MM are limited, and offer only modest improvement in survival. 15 In early studies, clinical immunotherapy for MM appears promising. 16 Novel personalized therapeutic strategies based on the highly individual molecular and immunological characteristics of each MM tumor including neoantigen vaccination is an attractive avenue for improving treatment outcomes.
Over 90% of MM patients develop pleural effusion during the course of their disease, which can be a rich source of cells shed from the primary tumor 17 and we have previously shown that the tumor cells found in the malignant pleural effusions of MM patients carry many of the hallmark mutations found in solid MM tumors, as well as a wealth of novel individual mutations. 18 In our murine MM model, we have previously demonstrated a strong spontaneous endogenous CD8+ T cell response to a predicted MM tumor neoantigen. 19 A recent sequencing study of 98 primary human MM tumor samples found that 59% of all identified somatic mutations resulted in predicted MHC class I-binding neoantigens. 20 Analysis of the mutations and gene expression patterns of the cells found in MM pleural effusions may give us novel insights into the tumor-immune interface of MM and allow us to identify candidate neoantigens that can be used to develop a personalized vaccination approach for MM patients. This study characterizes the predicted neoantigen burden and the immune environment Supplemental data for this article can be accessed on the publisher's website.
plus the specific T cell response to a set of predicted neoantigens from the malignant pleural effusions of MM patients and reports the identification of a candidate neoantigen specific CD8+ T cell response in one of the subjects.
Results

Patient characteristics
Potential neoantigens were studied in 27 MM patient pleural effusions. 18 The median age of the group at diagnosis was 65 years (range 45-88 years). Median survival was 15 months (range 1-61 months) ( Table 1 ). The median number of protein altering mutations per sample was 50 (range 16-134; Table 1 ). Comprehensive patient demographics have been detailed previously. 18 Somatic mutation burden was not associated with a survival benefit. 18 Predicted neoantigens identified in all patient samples Purity of the isolated tumor cells was estimated to be a median of 98.1% (range 91.1-99.9%) using ESTIMATE analysis. 21 A total of 2236 patient HLA specific neoantigens were predicted across all of the MM tumor cell samples from 48% (607/1256) of the previously identified protein coding somatic mutations (Figure 1 ). 18 A median of 68 (range 7-258) predicted neoantigens were detected across the samples (Figure 1 ). Of these, a median of 32 (range 15-93) predicted neoantigens were observed to bind (IC50 ≤ 500 nM) to MHC class I in the mutated but not the wild-type state ( Figure 1 ). There was a median of 2 (range 0-8) predicted neoantigens that were observed to bind to MHC class I with strong affinity (IC50 ≤ 50 nM) across the samples (Figure 1 ). There was no correlation between tumor purity and the number of predicted neoantigens. Somatic mutations affecting known oncogenic MM genes, BAP1, NF2 and TP53 resulted in predicted neoantigens. We found that 63.2% (range 21.9-85.7%) of predicted neoantigens were expressed in the isolated tumor cells (counts per million > 0.5).
Predicted neoantigen burden and survival
Survival analysis was performed using data for 26 of the patients. As previously determined, the primary key factors associated with survival for this cohort were histology (non-epithelial versus epithelial) and treatment status (untreated versus treated). We previously found that the total number of mutations identified in each sample had no association with survival. 18 In univariate and in multivariate analysis adjusting for age, sex, smoking status, histology and treatment the number of predicted neoantigens determined for each patient based on their specific HLA type with a high differential agretopicity index (DAI) (i.e. predicted to bind in the mutated state and not in the wild-type state) increased the risk of death (HR: 33.2, CI: 2.5-433; p < .01) ( Table 2) . Although statistically significant, the negative prognostic association of the DAI is observed only after adjustment for histological subtype. A non-epithelial histology is relatively rare but it is also a strong negative prognostic indicator. In this study six of the seven non-epithelial tumors were in the upper 50% of the DAI values, therefore the strong association of these relatively small number of non-epithelial tumors associated with a poor prognosis is likely to have resulted in a somewhat skewed cohort-dependent positive HR.
When expression of predicted neoantigens was examined no association between the number of expressed predicted neoantigens and survival were seen. Higher expression of HLA-C was significantly associated with worse survival (logrank p < .01) and while the expression of HLA-A and -B were not significantly associated with survival, the relationship between higher gene expression and worse survival trended toward significance (Additional Files 1 and 2).
Pleural effusions from MM patients are a rich source of informative immune cells
The immune infiltrate was determined for 18 patient-matched pleural effusions using gene expression data of the total cell populations. Tumor purity in the pleural effusions ranged from 34.5% to 70.1% (median 47%). The non-tumor cell compartment was found to contain 0-36.5% immune cells (median 23.8%) and 0-31.5% stromal cells (median 30.1%) (Figure 2a ). There was a significant negative correlation between the tumor purity and size of the immune component as measured by the immune score given by the ESTIMATE algorithm (Pearson's r = −0.67; p = .002) but not between the tumor purity and stromal component (Additional File 3). There was no association between the immune score and survival nor between the size of the immune compartment and predicted neoantigen burden.
The composition of the immune infiltrates varied substantially between patients (Figure 2a ). Deconvolution analysis of gene expression data into 22 immune cell subsets showed that regulatory T cells were prevalent in all but one sample, and only half of the samples had high proportions of natural killer (NK) cells, CD8+ and CD4+ resting T cells. Few samples had B cells or plasma cells. Monocytes comprised the largest of the immune cell fractions and around half of the samples contained M2 macrophages and a quarter M0 macrophages. The two samples with the highest immune cell compartments had a high proportion of naïve CD4+ T cells, while this signature was absent in all other samples. Survival analysis showed that patients who had a high proportion of M0 or M1 macrophages in their pleural effusions had better survival (log-rank p < .01 and p < .05), and we also observed a survival benefit for patients who had a high proportion of activated NK cells in their pleural effusions (log-rank p < .01; Figure 2b ). There was no significant prognostic benefit associated with the presence or absence of any of the other 19 immune cell subsets analyzed.
For the patients where transcriptome data were available for both the whole pleural effusion total cell population as well as the isolated tumor cells (n = 18), we sought to analyze the dynamics of the tumor-immune interface. We found that there was no correlation between the predicted neoantigen burden and the size of the immune compartment regardless of the change in predicted binding affinity of the predicted neoantigens. There was a correlation between the expression of PD-L1 on the isolated tumor cells and the expression of PD-1 on the immune cells in the pleural effusion (p < .05; Additional File 4). The expression of PD-1 and CTLA4 was not associated with the number of predicted neoantigens. There was no association between normalized expression of PD-1 or CTLA4 in the pleural effusions and survival.
When clonality of T cells, as determined by TCR analysis, was studied we found that TCRβ sequences were detectible in all pleural effusion samples. A total of 617 sequences were detected, with a median of 18 unique sequences found per sample (range . CDR3 sequence length ranged from 6 to 35 amino acids (median 15 amino acids), and the distribution of the lengths was Gaussian (Figure 3a) . The most frequently observed motif across the CDR3 sequences was the highly conserved CASS motif which was detected in 54.9% of unique sequences (Figure 3b ). 22 The Gini coefficient for each sample was low, with a median of 0.25 over the cohort (range 0-0.4), indicating that the diversity of clonotypes within each sample was even.
The number of TCRβ sequences detected increased as the immune compartment size and expression of CD8A increased in the samples (p < .001 and p < .05, respectively). An increase in the number of detectable TCRβ sequences correlated with a higher neoantigen burden (p < .05). There was no correlation between the number of detectible TCRβ sequences and the expression of MHC class I genes in the corresponding isolated tumor samples. None of the detected TCRβ sequences have been previously described in the VDJdb browser database (https://vdjdb.cdr3.net/).
Identification of a CD8+ T cell response to a predicted neoantigen
One subject, patient 09567, was chosen for further study to test for evidence of T cell responses directed at predicted neoantigens due to the availability of sequential samples taken over the course of disease (Table 1) . To control recurrent accumulation of pleural effusion an indwelling pleural catheter was inserted approximately 8 months after diagnosis and remained in place for nearly 2 years. The tumor showed evidence of slow progression over the following 12 month period. Chemotherapy was given as clinically indicated and as a surrogate for tumor burden serum mesothelin levels monitored (Figure 4a ). The patient died from disease nearly 4 years after the initial diagnosis.
Tumor cells were purified from cells collected from the pleural fluid. In total, 41 somatic protein-coding mutations were detected which were used to generate 67 predicted neoantigens (Additional File 5). Thirteen candidate neoantigens were selected for further interrogation based on the predicted binding affinities for the wild-type and the mutated epitopes. Peptides corresponding to the mutated and wildtype sequences were synthesized and tested initially using a blood sample collected after the first line of chemotherapy.
No IFN-γ responses were detected by ELISpot in nonexpanded PBMCs to either pooled mutated or wild-type peptides. The cells were retested following 3 weeks of T-cell expansion. The mutated roundabout guidance receptor 3 (ROBO3) epitope (SEHSPVSEPV), which had a predicted binding affinity of 392 nM (highlighted, Figure 1a) , generated a strong response as measured by IFN-γ production, whereas the wild-type ROBO3 epitope (SEPSPVSEPV), that had a predicted MHC class I binding affinity of 3192 nM (highlighted, Figure 1a) , generated no significant response (Figure 4b ). Specific T-cell clones were generated and were confirmed to be specific for ROBO3 P640H peptide when assayed using ELISpot (Figure 4c ). FACS analysis of these clones demonstrated an activated CD8 + T cell phenotype (Figure 4d ), but showed no response for wildtype peptide pulsed T cells (Additional File 6).
Discussion
MM is a highly heterogeneous tumor and studies that rely on single-sample biopsies may not give a full and accurate representation of the interplay between the tumor and immune environments. 23 Pleural effusions are a rich source of both tumor and immune cells and offer the ability to monitor the dynamic characteristics of the underlying MM tumor over time, and present the opportunity to mine the immune milieu for information regarding the tumor-immune interface. We found that MM tumor cells contain somatic mutations that may be exploited as potential neoantigens for personalized immunotherapeutic treatment strategies, and that the immune cells within pleural effusions are dynamic, containing both immune suppressive and tumor suppressive milieu. We showed that the TCR repertoire broadens as predicted neoantigen burden increases, and for the first time, we have described a CD8+ T cell response to a neoantigen predicted from a somatic mutation in an MM patient.
Given the relatively low mutation rate in MM when compared to other carcinogen-induced cancers, 20, 24 neoantigen identification has proven to be a difficult challenge. Not only is the neoantigen prediction process confounded by sequencing inefficiencies, algorithm inaccuracies and the fact that peptide-MHC affinities are themselves predicted, but these predictions do not account for whether the peptide is processed and presented by the tumor cell or recognized by the T cell. We used isolated tumor cells from pleural effusions to increase the sensitivity of mutation detection algorithms, 18 leading to the detection of an immune response to a single predicted neoantigen generated from a mutation in the ROBO3 gene. By including APCs in the immunoassay, we have demonstrated the recognition of the peptide-MHC complex by the CD8+ T cell. While ROBO3 has not been previously implicated in MM, these results show that neoantigens are an accessible and promising target for therapy in MM whilst demonstrating the need for high sensitivity methods in order to properly perform robust identification. Recently, T cell responses to gene fusion-generated neoantigens were identified in MM, 25 indicating that the predicted neoantigen landscape is a complex and multifaceted target for personalized immunotherapy.
We observed both immunosuppressive and tumor suppressive factors within pleural effusions, based on the presence of CD4+ and CD8+ T cells, T regulatory cells and M2 macrophages, but showed that survival was increased when patients had a tumor-suppressive gene expression signature. This has been seen before in other cancers such as in bowel cancer where increased T regulatory cell numbers are thought to be a control mechanism for an active immune response. 26 Other evidence suggesting an ongoing response to neoantigens is that T cells found in MM pleural effusions have been shown to possess high levels of inhibitory receptors demonstrating an exhausted phenotype when compared to peripheral blood T cells, suggesting possible chronic antigen stimulation. They behave similarly to tumor infiltrating lymphocytes based on expression profiles of relevant markers. 27 The success of any neoantigen-based immunotherapeutic strategy will be dependent on the tumor microenvironment and tumorimmune interface, as an immune suppressive environment can inhibit T-cell activation. Demonstrable immune responses to neoantigens have previously been identified and the magnitude of these responses has been shown to increase following immunotherapy. 28, 29 As immunotherapies such as checkpoint blockade inhibitors can increase the breadth of neoantigen response, 30,31 a combinatory approach when using neoantigens to treat MM is likely needed. Given the presence of both immune suppression and activation within the effusions, future studies analyzing the function of the neoantigen-specific T cells present in the effusions will elucidate the outcome of these factors.
We were able to predict putative TCR clonotypes within the pleural effusion samples using in silico methods, and the repertoires increased in relation to predicted neoantigen burden. Diversity in the T-cell repertoire is required in order for a CD8+ T cell to recognize and engage with a broad range of neoantigens, suggesting that breadth of TCR clonotypes in tumor fluids reflects neoantigen recognition and suggests that such fluids might be a useful source for dynamic analysis of dynamic changes in T cell responses over time. While we found no association between checkpoint blockade molecules and predicted neoantigen burden in this cohort, it is predicted that a combinatory approach involving a neoantigen vaccine alongside checkpoint blockade inhibition would be an effective strategy. 11, 32 We observed that low expression of MHC class I genes were associated with increased survival. While this finding could be attributed to the small sample size used in this study, there is evidence of this phenomenon in other cancer types. 33, 34 This is nevertheless surprising as higher expression of the genes that make up the machinery of immune recognition and activation mechanisms, such as the MHC class I genes, have typically been correlated with better prognosis when compared to lower expression levels of these genes [35] [36] [37] therefore this observation warrants further study.
Conclusion
We have identified a CD8+ T-cell response to a predicted neoantigen in an MM patient as well as characterized the predicted neoantigen landscape and tumor-immune interface in the pleural fluids of 27 MM patients. Though the identification of bonafide neoantigens is more difficult in a tumor with such a low mutation burden, these promising results indicate that predicted neoantigen-specific T-cells can be identified within the blood of the patient. Identification of the mutations responsible for neoantigens as well as indication of the tumor-immune characteristics of the patient can be easily performed using pleural effusions at earlier stages than when biopsies are typically performed, and could lead to improved treatment opportunities for patients.
Materials and methods
Samples
Pre-treatment pleural effusion specimens were collected from subjects with pathologically diagnosed MM. A fraction of the original pleural effusion cell pellet collected from 50 mL undiluted effusion was homogenized in 1 mL UltraSpec TM RNA Isolation Reagent (Biotecx Laboratories, Inc., BL-10050) and stored at −80°C. The remainder of the cell pellet was placed into culture as previously described 38 and resulting enriched primary tumor cells were passaged a median of 7 times (range 4-10) before harvest for tumor nucleic acid extraction. All cultures were confirmed to be Mycoplasma spp. free by polymerase chain reaction. Personal HLA types of individual patients were determined by serotyping.
Blood for germline DNA extraction was collected from all individuals in either Vacutainer K2EDTA plasma or sodium heparin tubes (BD Bioscience, 366643 and 367886). Blood for immunological testing was collected in Vacutainer K2EDTA plasma (BD Bioscience, 366643) and processed by Ficoll-Paque (GE Healthcare Life Sciences, 45-001-751) for isolation of peripheral blood mononuclear cells (PBMC) as previously described. 39 Mesothelin is a biomarker for MM 13 and its concentrations were determined following the manufacturer's instructions using the MESOMARK kit (Fujirebio Diagnostics, 801-900). This study was approved by the Human Research Ethics Committee of at Sir Charles Gairdner Hospital and the University of Western Australia, Perth, Western Australia. Written informed consent from all participants was obtained.
Neoantigen prediction
Germline and tumor DNA were extracted, whole exome and transcriptome sequencing were performed and somatic single nucleotide variants (SNVs) were identified as previously described. 18 Briefly, sequencing data were generated on the Ion Torrent system to a depth of 114x per sample for exomes and 35-40 million reads per sample for transcriptomes. SNVs were identified in the exomes using both VarScan2 40 and SomaticSniper 41 to produce a high confidence set. SNVs were excluded from neoantigen prediction if only the wild-type allele was present in the corresponding transcriptome sequence data. SNVs were annotated using snpEff 42 and converted from variant call format (VCF) to mutation annotation format (MAF) using vcf2maf (https://github.com/mskcc/vcf2maf). HLA alleles were determined by sequencing-based typing (PathWest, Fiona Stanley Hospital, Murdoch, Western Australia) or predicted from transcriptome data using HLAminer v1.3.1. 43 Neoantigen prediction was performed as previously described 44 for the patient specific HLA-A, -B and -C alleles for all 8-11mer peptides using NetMHCpan v2.8. 45 A half-maximal inhibitory concentration (IC50) value of <500 nM was used as the threshold for determining if mutated sequences were classed as potential neoantigens; an IC50 value of <50 nM was used to denote predicted high binding affinity neoantigens. Candidate neoantigens are defined in this study as potential neoantigens chosen for further analysis.
To examine CD8+ T cell reactivity 13 synthetic peptides were selected from the predicted neoantigen list for Patient ID 09567 and purchased from Mimotopes (Melbourne, Victoria, Australia) based on the wild-type epitope IC50 being >500 nM and the mutant epitope IC50 being <500nM.
Whole transcriptome sequencing of total cell population from pleural effusions
In order to examine the MM immune microenvironment and its relationship to predicted MM neoantigen loads, RNA was isolated and whole transcriptome sequencing performed as previously described 18 on the whole cell population of the pleural effusion from time of sample collection. HTseq was used to collect raw alignment counts for the human (hg19) RefSeq reference transcriptome. 46 CIBERSORT was used to deconvolute immune subsets within samples on a per sample basis. 47 The CIBERSORT parameters used quantile normalization and 500 permutations to define immune types within samples. Expression values for CD8A and the geometric mean of expression values for GZMA and PRF1
48 were used as surrogate markers for level of CD8+ T cell and cytolytic activity, respectively. ESTIMATE software was used to determine tumor purity and to score the size of the immune and stromal compartments in each sample using a gene signature matrix to determine expression of tumor-, immune-and stroma-specific genes. 21 Genes were considered to be expressed when they generated more than 0.5 counts per million, equivalent to 10 reads, in a given sample.
Identification of TCR sequences
In order to determine if there was evidence of oligoclonality of the MM T cell response based on expression of clonal T cell receptors (TCRs) and to relate that to predicted neoantigen load TCR β sequences were identified from sequencing data using MiTCR. 49 Parameters were optimized to minimize the number of false positives by adjusting the minAlignmentMatches parameter to 14 and 16 for the V and J genes, respectively. 50 Sequences featuring stop codons or ambiguous V, J and D gene calls were filtered out of the final dataset. The Gini coefficient, which has been used to determine the diversity of a TCR repertoire, 51 was generated to give a diversity score of between 0 and 1.
CD8+ T cell isolation and polyclonal T-cell expansion
CD8
+ T cells were isolated from PBMC using the EasySep Human CD8+ T cell Enrichment Kit (STEMCELL Technologies, 19053) , following the manufacturer's instructions. Enriched T cells were expanded with 30 ng/mL of CD3 antibody (Biolegend, 317301); 200 U/mL of human recombinant IL-2 (PeproTech, 200-02) and irradiated allogenic feeder cells as described. 52 Peptide titrations were performed and a LogEC50 value of 9.42 (± 0.295) μg/mL was determined (Additional File 7). For peptide specific expansion, cells were incubated for 1 h with either 10 μg/mL of mutant or wild-type peptides before T cell expansion. After 14 days and an approximate 10-fold expansion, cells were pooled, washed and resuspended in media containing 20 U/mL of human-recombinant IL-2 for 2-4 days before testing by ELISpot.
INFγ ELISpot
ELISpot assays were performed according to standard protocols. 53 Briefly, wells of nitrocellulose microtiter plates were coated with 1 µg/mL anti-interferon-γ (INFγ) antibody (Mabtech, 3420-3-250) overnight at 4°C. Samples and controls were incubated in RPMI-1640 media with 10% fetal calf serum at 37°C for 20 h and tested in triplicate, where 200,000 cells were assayed per well. PBMCs and expanded T cells to be tested were pulsed with single-antigen cell lines (SALs) expressing specific HLA molecules and 10 μg/mL of mutant or wildtype peptides. SALs were a kind gift from Professors Frans Claas and Ilias Doxiadis (Academic Hospital Leiden, The Netherlands). INFγ responses were detected with 1 mg/mL biotinylated anti-INFγ antibody (Mabtech, 3420-6-250) followed by 1 µg/mL streptavidin horseradish peroxidase (Mabtech, 3310-9) and development with TMB substrate (Mabtech, 3651-10). Immune reactivity was enumerated using the AID ELISpot reader system (Autoimmun Diagnostika GmbH) running count algorithm v.3.2.x and data was generated in Spot Forming Units (SFU) per 1 × 10 5 cells.
Single cell isolation and monoclonal expansion
Peptide-specific, IFNγ ELISpot reactive, polyclonal T-cell pools were incubated with SALs expressing B49:01 and 10 μg/mL of mutant peptide (SEhSPVSEPV) for 24 h. Cells were stained with CD137-APC and CD8-V450 (BD Biosciences, 560347) and FACS-single-cell sorted using the BD Influx (BD Biosciences) into individual wells in a 96-U shaped well plate, based on the positive expression of CD8 and the CD137 activation marker. CD8+ CD137+ T cells were expanded in supplemented RPMI-1640 with 200 U/mL of human-recombinant IL-2 and allogenic irradiated feeder cells. Peptide responsive T cell clones were identified by ELISpot assay.
Statistical analysis
Statistical analyses were performed using IBM® SPSS® statistics version. Summary results were reported as the median and range and groups were compared using the non-parametric Mann-Whitney U test. Correlations were performed using the Spearman correlation function. For survival analysis, continuous variables were analyzed as both trend variables and also as median dichotomized groups where indicated. Smoking status (ever versus never smokers) and histology (epithelioid or non-epithelioid) were analyzed as categorical.
Patient survival was calculated from the time of diagnosis and analyzed using the Cox proportional hazards regression model, when indicated results were also adjusted by tumor histology as categorical variable and age as a continuous variable. Survival analysis was also performed using the Kaplan-Meier product limit procedure with patients dichotomized into groups based on median predicted neoantigen burden. One patient (ID 02305) was excluded from survival analysis as death was due to complications of surgery unrelated to their mesothelioma. A p-value of less than 0.05 was considered significant.
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